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Braking News: Minireview
Calcium in the Growth Cone
The critical unknown was whether signaling through
Ca21 in the growth cone is physiologically relevant. It
now seems likely that it is. One line of evidence is its
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apparent involvement in transducing responses in theColumbia University
growth cone to certain cues that are likely to functionNew York, New York 10032
in vivo. NI-35 is a growth-inhibitory protein expressed
on oligodendrocytes in the CNS (see Bandtlow et al.,
1993, for references). Regeneration of injured axonsGrowing axons are guided by cues in the environment:
within the spinal cord is promoted by antibodies thatlocal or released from a distance, positive and negative
neutralize NI-35, attesting to its importance in vivo. NI-(Goodman, 1996). The motile growth cone at the tip of
35 induces growth cones in culture to collapse. Thethe axon senses and interprets these cues, changing its
collapse is associated with a large rise in [Ca21]i, at leastbehavior to alter the direction or speed of growth. Many
partially due to release from the smooth endoplasmiccues have been identified and their in vivo importance
reticulum (SER) (Bandtlow et al., 1993). Blockage of Ca21has been verified, but how their binding is transduced
release prevents collapse.into changes in growth cone behavior remains poorly
Certain positive cues that are likely to function in vivounderstood. Given the plethora of cues, it would simplify
may also work through Ca21. NCAM and L1 are growth-things if common elements of transduction pathways
promoting members of the immunoglobulin superfamilyemerged: for example, if stopping of a growth cone at
(Walsh and Doherty, 1997). Disruption of the functioninga choice point were always (or, at least, often) caused
of either in vivo leads to what appear to be abnormalitiesby elevation of messenger X within the growth cone,
in axonal growth (Cohen et al., 1998; Seki and Rutis-whatever the external cue. Recent work points to such
hauser, 1998). The promotion of growth by either in vitrokey transduction molecules. Moreover, a new paper in
depends on influx of Ca21 through channels in theNature literally and figuratively illuminates the inner
plasma membrane, though it is merely assumed theseworkings of the growth cone by fluorescently imaging
are in the growth cone (Walsh and Doherty, 1997). Lami-Ca21 in neurons growing within the developing spinal
nin is a prominent constituent of the extracellular matrixcord, providing evidence for its importance in vivo in
and is expressed by Schwann cells in peripheral nerve,regulating axonal elongation (Gomez and Spitzer, 1999).
where it probably promotes growth. It elicits rises inConsidering that the response of growth cones to cues
[Ca21]i in growth cones in culture that may be importantis, for technical reasons, typically studied in the reduc-
in affecting both the rate and direction of growth (Kuhntionist world of the culture dish, this is a noteworthy
et al., 1998; but see below).accomplishment.
The aforementioned environmental cues all act asCalcium Is a Physiologically Important Transduction
substrate-bound molecules. Molecules released fromMolecule in the Growth Cone
afar can also influence growth, either attracting or repel-It has long been known that the growth cone is sensitive
ling neurites. Here, Ca21 may also be involved. Netrin-1to its [Ca21]i. Large increases caused by neurotransmit-
is produced by the floor plate of the developing spinalters or depolarization cause growth cones in culture to
cord, from where it emanates to attract certain axonscollapse, stopping neuritic elongation (Kater and Mills,
to, and repel others from, the midline (see Ming et al.,1991). Decreases caused by removing Ca21 from the
1997, for references). This Janus-like behavior can bebathing medium can have similar effects. In some cases,
displayed in culture in a particularly intriguing way. A
growth cone activity and neuritic elongation can be pro-
spinal neurite that turns and grows toward a micropi-
moted by elevations of [Ca21]i over resting levels; focal pette emitting netrin-1 turns away from that micropipette
changes within the growth cone can produce focal pro- when the activity of cAMP-dependent protein kinase in
trusive activity appropriate for turning, for example (Dav- the neurite is pharmacologically suppressed (Ming et
enport and Kater, 1992). These seemingly discordant al., 1997). Neither behavior is seen when [Ca21]o is drasti-results were accommodated by Kater's set-point model, cally reduced, though straight-ahead growth proceeds
in which substantial deviations in either direction from apace. Similar results are seen with brain-derived neuro-
an optimal [Ca21]i inhibit motile activity of the growth trophic factor (BDNF) and acetylcholine. A complemen-
cone and slow growth (Kater and Mills, 1991). This is tary situation is seen with myelin-associated glycopro-
so reasonable as to be unsurprising; very high or low tein (MAG), another inhibitory protein expressed by
levels of [Ca21]i are cytotoxic, presumably one reason oligodendrocytes (see Song et al., 1998, for references).
that [Ca21]i is normally tightly buffered. However, there Neurites that are repelled by a distant source of MAG
were indications that the deviations from normal did are instead attracted when cAMP is artificially elevated
not have to be great to inhibit growth (Lankford and (Song et al., 1998). Both the repulsion and the attraction
Letourneau, 1991). Microfilaments, so important to the disappear in low [Ca21] medium.
motile activity of the growth cone, are particularly sensi- Also pointing to a role for Ca21 in regulating neuritic
tive to [Ca21]i. growth was the discovery that certain growth cones
advancing in culture display periodic brief rises in [Ca21]i
(termed waves) that seem to affect the speed of neuritic* To whom correspondence should be addressed (e-mail: dlg5@
columbia.edu). elongation. Gu and Spitzer (1995) found, by fluorescence
Neuron
424
Figure 1. Regulation of the Speed of Neurite
Elongation by Calcium Waves in the Growth
Cone
Repeated [Ca21]i transients (shown at top)
cause the growth cone to slow or stop (left
and center). This might be due to loss of mi-
crofilaments from the peripheral region, lead-
ing to a reduction in motile activity and in
protrusive structures like filopodia and veils
(left). Alternatively, the increased [Ca21]i might
induce the spreading of the growth cone and
the formation of protrusions that, through lat-
eral interactions with the environment, might
slow growth (center). An absence of [Ca21]i
transients leads to rapid growth, during which
the growth cone is probably streamlined
(right). Though the channels in the plasma
membrane (yellow) and SER (orange) are de-
picted as closed in this growth cone, there is
no direct evidence that such closure is re-
sponsible for the absence of [Ca21]i tran-
sients. Microfilaments are shown in red and
microtubules in green.
imaging, that frog growth cones spontaneously display waves in a stalled growth cone by photorelease of a
caged Ca21 chelator starts elongation; induction ofabout 8 transients per hour in which [Ca21]i slowly rises
waves in a rapidly advancing growth cone by photore-to, and decays from, a peak of about double the normal
lease of caged Ca21 slows elongation markedly. Stallinglevel. Transients occur in the axon and cell body as well,
or slowing is stereotypically seen at certain points in anbut these are distinct from those in the growth cone. In
axon's growth trajectory, such as when a turn onto aother words, the Ca21 wave seems to be generated
new path must be made. Gomez and Spitzer were ablewithin the growth cone, though it may spread somewhat
to observe one such point and found that the stallinginto the neurite. The speed of neurite elongation was
was associated with the appearance of multiple Ca21found to be inversely related to wave frequency up to
transients, which disappeared when the turn was madethe normal frequency, so that completely suppressing
and the axon had accelerated on a fascicle.waves by removing extracellular Ca21 or by clamping
How Calcium Works[Ca21]i to baseline with injected buffer increased the
Periodic Ca21 transients have been observed in manyspeed 1.6-fold. A key point here is that wave frequency
types of cells, often in response to an agonist. Generally,was adjusted by artificially creating wave-like transients
they are thought to involve Ca21-induced Ca21 releasein the growth cone: spontaneous waves were sup-
from the SER (Berridge, 1998). This may be the case inpressed by removing extracellular Ca21, and then artifi-
the growth cone. There is abundant SER in growth conescial waves were created by puffing on Ca21-containing
(Dailey and Bridgman, 1989), and it can release consid-medium while depolarizing the cell (to allow influx
erable Ca21 (Gomez et al., 1995). The amplitudes of thethrough voltage-gated Ca21 channels). These results im-
spontaneous transients in chick sensory growth conesply that the Ca21 waves regulate the speed of growth
in culture are decreased by ryanodine (Gomez et al.,(Figure 1). Frog spinal neurites growing in culture are
1995), which blocks one of the channels through which
somewhat odd. For example, they grow well even on
Ca21 is released from the SER. But, for both the chick
uncoated glass, and the growth cone seems literally and the frog growth cones, a significant contributor to
to drag the axon forward as it advances (Okabe and the transients is influx through channels in the plasma
Hirokawa, 1992). But, similar results with Ca21 waves membrane. Growth cones are rich in conventional volt-
were also seen in chick sensory growth cones in culture age-gated Ca21 channels (Gottmann and Lux, 1995), yet
(Gomez et al., 1995). blockage of these does not affect waves (Gomez et
None of the foregoing actually demonstrated that Ca21 al., 1995). The general Ca21 channel blockers, La31 and
is used to regulate neuritic growth in vivo, where the Co21, do suppress the waves, suggesting that entry of
environment is complex and largely uncharted. This is Ca21 into the growth cone through an uncharacterized
why the new paper from Gomez and Spitzer (1999) is a channel is important.
real advance. They were able not only to image changes Why transients rather than sustained changes in
in [Ca21] within growth cones in the intact frog spinal [Ca21]i are used remains a question for many cell types,
cord but also to suppress or induce waves by photore- not only growth cones. A single wave slows elongation
lease of caged compounds and determine the effects of chick sensory neurites in culture, an effect that sub-
on growth. The results are gratifyingly similar to those stantially outlasts the wave itself (Gomez et al., 1995).
in culture. Growth cones tend to exhibit few if any waves The effect wanes within minutes, however, so repeated
when the axon is growing rapidly, but 5±15 waves per waves are needed for sustained slowing. The more fre-
quent the waves, then, the more frequent the bouts ofhour during stalled or slow growth. Suppression of
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slow growth and the greater the overall slowing or the the cue; neither occurs without Ca21 in the bathing me-
dium, though growth continues. One might hypothesizemore sustained the stalling. In this case, the overall
effect is proportional to wave frequency. Why not, how- that the lack of Ca21 renders the growth cone incapable
of turning in response to a cue, perhaps deficient inever, simply have a rise in [Ca21]i to the level seen at
the peak of a transient but then sustained for as long forming the filopodia that may be important in guidance.
Yet, the growth cone remains capable of turning nor-as needed? Gradation of effect could be achieved by
varying the amplitude of the increase. Several explana- mally toward other cues (Song et al., 1997). Perhaps
relevant here is an older finding that raising cAMP intions have been offered: to prevent prolonged exposure
to destructively high [Ca21]i, to prevent adaptation to the growth cone can lower high [Ca21]i, thereby mitigat-
ing the latter's inhibitory effect on growth (Lankford andthe desired effect of high [Ca21]i, and to allow a higher
signal-to-noise ratio (the smaller signals in an amplitude- Letourneau, 1991).
Ca21 could potentially regulate many proteins in themodulated system being subject to disappearance in
the background noise). Another possibility is that Ca21 growth cone, so to confine it neatly to one predominant
role in mediating effects of cues on the growth coneserves as a switch in the cascade leading to slowing of
growth; a threshold [Ca21]i must be attained, but further may be unrealistic. But the case for its importance is
solidifying, and with the recent evidence that cyclic nu-increases are superfluous. At present, we don't know.
Of perhaps more interest is the question of how Ca21 cleotides can control the sign of the response (attraction
or repulsion) to diffusible cues, we may be seeing theslows growth. If the basic slowing effect is produced
by a single wave, as suggested above, then we need emergence of key downstream molecules on which sig-
naling pathways converge to regulate the growth cone.primarily consider the effect that this single rise in [Ca21]i
has on growth cone activity, without being concerned
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But still there is the puzzling role of Ca21 in turning
responses to distant diffusible cues. Here, there is no
clear-cut association with growth toward or away from
